The contribution of the Greenland and West Antarctic ice sheets to sea level has increased in recent decades, largely owing to the thinning and retreat of outlet glaciers and ice streams [1][2][3][4] . This dynamic loss is a serious concern, with some modelling studies suggesting that the collapse of a major ice sheet could be imminent 5,6 or potentially underway 7 in West Antarctica, but others predicting a more limited response 8 . A major problem is that observations used to initialize and calibrate models typically span only a few decades, and, at the ice-sheet scale, it is unclear how the entire drainage network of ice streams evolves over longer timescales. This represents one of the largest sources of uncertainty when predicting the contributions of ice sheets to sea-level rise [8][9][10] . A key question is whether ice streams might increase and sustain rates of mass loss over centuries or millennia, beyond those expected for a given ocean-climate forcing [5][6][7][8][9][10] . Here we reconstruct the activity of 117 ice streams that operated at various times during deglaciation of the Laurentide Ice Sheet (from about 22,000 to 7,000 years ago) and show that as they activated and deactivated in different locations, their overall number decreased, they occupied a progressively smaller percentage of the ice sheet perimeter and their total discharge decreased. The underlying geology and topography clearly influenced ice stream activity, butat the ice-sheet scale-their drainage network adjusted and was linked to changes in ice sheet volume. It is unclear whether these findings can be directly translated to modern ice sheets. However, contrary to the view that sees ice streams as unstable entities that can accelerate ice-sheet deglaciation, we conclude that ice streams exerted progressively less influence on ice sheet mass balance during the retreat of the Laurentide Ice Sheet.
. Their large size (up to tens of kilometres wide and hundreds of kilometres long) and high velocity (up to thousands of metres per year) mean that they are an important mechanism through which ice is transferred to the ocean, and thereby affects the sea level. In contrast to climatically forced melting 13 , ice stream dynamics could introduce considerable nonlinearity into the response of ice sheets to external forcing [5] [6] [7] . This potential nonlinearity is viewed as the major source of uncertainty in assessments of future changes in ice sheets and sea level 1, 6, [8] [9] [10] , leading to the question of whether the drainage network of ice streams arises in response to climatically driven changes in ice sheet volume, or if it can evolve to drive changes beyond that which might be expected from climatic forcing alone.
Building on a recent inventory 14 of 117 ice streams in the former North American Laurentide Ice Sheet (LIS; including the Innuitian Ice Sheet, but excluding the Cordilleran Ice Sheet) (Extended Data Fig. 1) , we use the best-available ice margin chronology (based on about 4,000 dates; Extended Data Fig. 2 ) 15 to ascertain the timing of their activity during deglaciation (see Methods). Using the mapped extent of ice streams, we calculated the number of them operating over time and the percentage of the ice sheet perimeter that was streaming. We also explore their potential ice discharge during deglaciation, albeit with larger uncertainties, which we compare with output from numerical modelling of the ice sheet during deglaciation 16, 17 (see Methods). When the LIS was at its maximum extent approximately 22,000 years ago (22 kyr ago), ice streams formed a drainage network with a velocity pattern resembling that of modern-day ice sheets (Fig. 1a, b) . Early during deglaciation, numerous ice streams were located in major topographic troughs and drained the marine-based sectors of the northern and eastern margins of the ice sheet for several thousand years (Fig. 1b, c) . Ice streaming along the land-terminating margins was more transient, and we find that numerous ice streams switched on and off in different locations during retreat. This empirical assessment of the duration of a large population of ice streams reveals that although some ice streams persisted for 5-10 kyr, about 40% operated for less than 2 kyr, with many (approximately 23%) operating for less than 0.5 kyr (Fig. 2) .
Although ice streams activated and deactivated in different locations, we find no evidence for any episodes when the number of ice streams increased substantially (Fig. 3a) . Throughout the period 22-15.5 kyr ago, there were about 50 ice streams, but this number subsequently dropped rapidly (for example, approximately 13 kyr ago and 11.5 kyr ago), with fewer than 10 ice streams operating after 11.5 kyr. When normalized by ice sheet volume, the number of ice streams is remarkably stable (Fig. 3b) , with approximately 2 ice streams per 1,000,000 km 3 of ice sheet volume for almost 10 kyr. The collapse of the LIS into Hudson Bay after 8.5 kyr ago triggered a final flurry of ice stream activity, but in a very small ice sheet.
At its maximum extent, approximately 27% of the LIS margin was streaming (Fig. 3c) , which is very similar to that found for present-day Antarctica (Fig. 1a) . This value decreased to between 25% and 20% from 16 kyr ago to 13 kyr ago, but then rapidly dropped to approximately 5% about 11 kyr ago. Similarly, our order-of-magnitude estimates of Laurentide ice stream discharge show no obvious increases during deglaciation (Fig. 3d) . Rather, this dynamic component of mass loss was relatively stable from about 22 kyr ago to 15 kyr ago (remaining at a value of about 1,500 km 3 yr −1 ), but then rapidly decreased to <400 km 3 yr −1 by about 11 kyr ago, and then to <100 km 3 yr −1 about 9 kyr ago. When normalized by ice sheet volume, dynamic mass loss was relatively stable during the period 22-15 kyr ago, but then dropped about 13 kyr ago (Fig. 3e) , before increasing temporarily as the ice sheet collapsed around Hudson Bay.
A comparison with estimates of total ice stream discharge from a previously published numerical model of the North American Ice Sheet complex 16 and inferences from surface mass balance modelling at specific time steps 17 indicates that model-derived Laurentide ice stream discharges are typically higher and more variable (Fig. 3f) . Nevertheless, both empirical and modelled estimates show a decrease in ice stream discharge from about 15 kyr ago. Moreover, we find a Letter reSeArCH clear link between ice sheet volume and both the number of ice streams and the percentage of the ice sheet perimeter they occupied (Fig. 4a, b) . A similar scaling is seen in both modelled and empirically derived discharge (Fig. 4c ), but we acknowledge there are much larger uncertainties in our estimates of Laurentide ice stream discharge. The relative effect of ice streaming is seen more clearly by plotting ice sheet volume against the total ice stream discharge normalized by the ice sheet volume (Fig. 4d) ; these data indicate that the relative role of mass loss from streaming was unlikely to have increased as the ice volume decreased during deglaciation.
There are a number of factors that influence where ice streams develop, with previous work highlighting their strong association with topographic troughs, calving margins and soft sedimentary beds 10, 18, 19 . Topography exerted a strong control on ice stream location in the LIS, particularly during early deglaciation (22-14 kyr ago) when its flow was steered by the major marine channels of the Canadian Arctic Archipelago and the high-relief coasts along the eastern margin. There is no glacial geomorphological evidence 14 that these ice streams continued to operate once the ice sheet lost its marine margin and retreated onto lower-relief terrain. Thus, topographic troughs and the marine margin clearly modulated the number of ice streams operating over time (Figs 1 and 3a) .
Elsewhere, ice streams were abundant on low-relief areas that were underlain by soft sedimentary bedrock and thick sequences of till. This includes the western and southern margins of the ice sheet 14, 19, 20 , where numerous ice streams switched on and off during deglaciation, with marked changes in trajectory 20 ( Fig. 1 ). These networks of sinuous ice streams deactivated as the ice margin withdrew onto the harder igneous and metamorphic rocks of the Canadian Shield, pointing to a geological control that explains the marked reduction in the number of ice streams from about 12 kyr ago (Fig. 3a, Extended Data Fig. 3 ). However, ice streams continued to activate over the low-relief crystalline bedrock of the Canadian Shield, with several large, wide (100-200 km) ice streams operating for very short periods (a few hundred years) during the final stages of deglaciation (beginning about 10 kyr ago; Fig. 1d ; Extended Data Fig. 3) 10, 21 . Although topography and underlying geology exerted an important influence on ice stream activity, we find no evidence for major ice sheet instabilities linked to ice stream activity that is reflected in the spatial re-organization of their drainage network (for example, marked increases in the number of ice streams, or individual ice streams widening or enlarging during ice sheet retreat). Rather, we find that the overall number of ice streams decreased and they occupied a progressively smaller percentage of the ice sheet perimeter. This finding implies that Letter reSeArCH the final 4-5 kyr of deglaciation (beginning approximately 12 kyr ago) was largely driven by surface melt, which is corroborated by independent modelling of the surface mass balance of the ice sheet 17,22 and inferences based on the density of subglacial meltwater channels (eskers) 23 . Specifically, modelling of the surface energy balance of the ice sheet 17 suggests that a transition from a positive to a negative surface mass balance occurred between 11.5 kyr ago and 9 kyr ago, when much of the LIS retreat occurred at rates two to five times faster than before 11.5 kyr ago. In that study 17 , volume losses not attributable to surface melting were assumed to be from dynamic discharge and, in broad agreement with our results (Fig. 3f) , the modelling implies that dynamic discharge decreased from about 15.5 kyr ago. Our range of discharge estimates at the Last Glacial Maximum (LGM) (750-2,300 km 3 ) and in the early Holocene (100-700 km 3 at 9 kyr ago) also fall within their inferred ranges 17 (770-2,750 km 3 and 0-1,650 km 3 , respectively). The major difference is that this previous surface energy balance modelling 17 suggests that dynamic discharge increased from the LGM to a maximum (4,290-4,620 km 3 ) around the time of Heinrich event 1 (H1; 15.5 kyr ago) when the modelled surface mass balance is largest. A positive mass balance is temporarily induced in the other ice sheet modelling 16 shown in Fig. 3f to facilitate a large dynamic discharge from the Hudson Strait ice stream during H1. We do not depict such extreme discharge at this time because our approach is based on modern ice stream data that are unlikely to capture such extreme discharges. However, we find no obvious spatial reorganization 24 of ice streams during or immediately after H1. This finding suggests that H1 had a limited effect on the wider ice sheet drainage network, and points to extreme velocity fluctuations for specific ice streams (for example, Hudson Strait) 25 , which we are unable to constrain, and/or mechanisms that do not invoke major collapses of ice sheets, such as ice shelf break-up 26 . By contrast, we note some reorganization of ice streaming following, but not before or during, Meltwater Pulse 1A (that began about 14.6 kyr ago) 27 . The saddle collapse that occurred during separation of the Laurentide and Cordilleran ice sheets has been hypothesized to have contributed to this event 28 and we observe several short-lived ice streams in this region after the collapse, but with a concomitant decrease in ice stream activity along the southern margin (Fig. 1c) .
It is important to consider whether ice streaming in the LIS offers an analogue for modern-day ice sheets. Although the ocean-climate forcing would have been different during deglaciation of the LIS, there is no empirical evidence or theoretical reasoning to suppose that Laurentide ice streams should behave in a fundamentally different manner. Our reconstructed pattern of ice streams at the LGM is remarkably similar to the velocity pattern of the Greenland and Antarctic ice sheets, and we note that Laurentide ice streams drained a similar proportion of the ice sheet perimeter when it was a similar size to present-day Antarctica (Fig. 1a, b) . Large sectors of the LIS occupied similar physiography to modern-day ice sheets, with ice streams exhibiting a similar size, shape and spatial organization along its marine margins. The most obvious difference is that the LIS retreated onto a low-relief, hard bedrock terrain and had ice streams that terminated on land and produced large, low-relief lobes along much of the southern and western margins 19, 20 . Although these have been likened to some West Antarctic ice streams 19 , they have no modern-day analogue. However, despite the fact that all modern-day ice streams are marine-terminating, large parts of the Greenland and East Antarctic ice sheets will have land-based margins if they continue to deglaciate 29, 30 , which might be within a few millennia in Greenland 1 . Our analysis confirms that the geology and topography over which modern-day ice sheets retreat will be a key determinant of where ice streams are likely to activate and deactivate 8 . However, we also find a strong dependence between ice sheet volume and ice stream activity that also holds for modern-day ice sheets (Fig. 4c) , and which hints at a more regulatory role in ice sheet dynamics than was previously recognized. This result does not preclude instabilities on decadal to centennial timescales [5] [6] [7] , but suggests that if modern-day ice sheets continue to deglaciate, then ice streams are likely to switch off, and their relative contribution to mass loss may decrease over several millennia, with final deglaciation accomplished most effectively by surface melt 17, 22 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. in a) . c, Total ice stream discharge as determined from our empirical calculations (black dots show best estimate and vertical lines indicate both the age and discharge uncertainties from Fig. 3d ) and from numerical modelling 16 (blue dots show mean and vertical lines show 2σ uncertainties). Modelled discharge is extracted from grid cells on the margin of the grounded ice in which the modelled velocities were >500 m yr −1 (blue line in Fig. 3f) . Data for the present-day ice sheets in Greenland (purple diamond), West Antarctica (pink triangle), East Antarctica (orange triangle) and West and East Antarctica combined (red triangle) are also plotted using recent ice stream discharge 2,3 and ice sheet volume 29,30 estimates. d, Total ice stream discharge as determined from modelled and empirical estimates in c normalized by ice sheet volume. In all panels, ice sheet volume is derived from the mean of a best-performing ensemble of previously published data-calibrated numerical models 16 (see Methods). The low modelled streaming fraction at volumes of about 2.4 × 10 7 km 3 (c, d) are due to the dynamic facilitation of H1 in that modelling (see Methods). Empirical discharges for small ice volumes (<0.2 × 10 7 km 3 ) have highly under-represented uncertainties, owing to higher uncertainties in ice sheet volume close to final deglaciation. 
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MethODs
Identifying Laurentide ice stream locations. An ice stream is a region in a grounded ice sheet that flows much faster than the regions on either side 31 . Where the fast-flowing ice becomes bordered by exposed rock (for example, in high-relief fjord landscapes), they are usually referred to as marine-terminating outlet glaciers. These outlet glaciers typically initiate as ice streams and so we use the term 'ice stream' throughout, but include outlet glaciers.
We use a recently published inventory 14 of ice streams in the Laurentide Ice Sheet (LIS), which includes 117 ice streams (Extended Data Fig. 1 ). These were identified on the basis of previously published evidence, complemented with new mapping using satellite imagery and Digital Elevation Models (DEMs) on land, and bathymetric data and swath bathymetry for submerged areas 14 . The systematic nature of the new mapping from across the entire ice sheet bed means it is very unlikely that any major ice streams have been missed 14 .
Ice streams are easily distinguishable on an ice sheet bed from a variety of evidence that is now well established in the literature 14, 20, 21, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Their spatially discrete, enhanced flow creates a distinctive bedform imprint that is immediately recognizable and characterized by several geomorphological criteria 32 . These include highly elongated subglacial bedforms (mega-scale glacial lineations 34 ; Extended Data Figs 4 and 5), which have also been observed beneath modern-day ice streams 35 , and which typically exhibit convergent flow patterns towards a main ice stream 'trunk' . These landform assemblages are often characterized by abrupt lateral margins that border areas with much shorter subglacial bedforms, or no bedforms at all 32, 33, 36, 37, 42, 43 (Extended Data Fig. 5 ). In some cases, the abrupt margin is marked by features known as ice stream shear margin moraines 32, 33, 37, 38 (Extended Data Fig. 5 ). This landform evidence is readily identifiable on satellite imagery and aerial photographs 32, 34, [36] [37] [38] [39] 43 and, in some cases, is further augmented by field investigations that reveal discrete (Boothia-type) 33 erratic dispersal trains or sedimentological evidence from tills that may have been overridden and/ or deformed by rapid ice flow. However, there are no ice streams in the inventory that are there only on the basis of sedimentological data and most (>85%) have a clear bedform imprint 14 . At a larger spatial scale, it is known that many ice streams are steered by the underlying topography, often forming marine-terminating outlet glaciers bordered by rock walls [2] [3] [4] . The inventory includes these topographic ice streams, many of which were identified by major cross-shelf troughs and their associated sedimentary depocentres 40 (Extended Data Fig. 6 ). Swath bathymetry from within these troughs commonly reveals many of the geomorphological criteria 32 described above, such as mega-scale glacial lineations 34, 35, 42 . Given previous work that highlights the importance of 'soft' bedrock geology in influencing ice stream location 10, 18, 19 , we also analysed the type of bedrock over which each ice stream was located. We categorized their underlying geology as either (i) predominantly 'soft' sedimentary rocks, (ii) predominantly 'hard' crystalline rocks (intrusive, metamorphic and volcanic rocks) or (iii) those where the spatial footprint of the ice stream extended over a mixture of both soft and hard rocks. This allowed us to calculate the number of different types of ice streams in each broad geological category over time (Extended Data Fig. 3 ). Dating Laurentide ice streams. We used the best-available pan-ice sheet margin chronology 15 to bracket the age of the spatial footprints of each ice stream in the inventory 14 . The ice margin chronology includes 32 time steps, starting 21.8 kyr ago (18 14 C (radiocarbon) kyr ago) and ending 5.7 kyr ago (5 14 C kyr), based on >4,000 dates that are spread across the entire ice sheet bed (Extended Data Fig. 2) . The database consists of mainly radiocarbon dates, supplemented with varve and tephra dates, which constrain ice margin positions and shorelines of large glacial lakes. Dates on problematic materials (for example, marl, freshwater shells, lake sediment with low organic carbon content, marine sediment, bulk samples with probable blended ages, and most deposit-feeding molluscs from calcareous substrates) were excluded. Marine-shell dates, a major component, were adjusted for regionally variable marine-reservoir effects on the basis of a large new set of radiocarbon ages on live-collected, pre-bomb molluscs from Pacific, Arctic and Atlantic shores. We use a mixed marine and Northern Hemisphere atmosphere calibration curve, whereas a IntCal98 calibration curve was used in ref. 15 .
We used the ice margin chronology to bracket the duration of ice stream activity using methods employed in previous work on individual or small numbers of ice streams 21, 36, [41] [42] [43] (Extended Data Fig. 7) . In some cases, the duration of ice streaming might have been short-lived (only a few hundred years), leaving evidence of a simple 'rubber-stamped' imprint 32 of their activity, the spatial extent of which can be readily matched to just one or two ice margin positions (Extended Data Fig. 7a ). The more complex landform assemblages of other ice streams (with overprinted mega-scale glacial lineations linked to associated ice marginal features) clearly indicate that they continued to operate during ice margin retreat (Extended Data  Fig. 7b) ; therefore, we fitted the ice stream activity to a series of ice margin positions over a longer time span (hundreds to thousands of years). Similar patterns are seen for marine-terminating ice streams 42 (Extended Data Fig. 7c, d ). To account for the inherent uncertainties in the dating (and interpolated ice margin position) and the spatial extent of each ice stream, we provide a maximum possible duration and a minimum duration for each ice stream in the inventory (Fig. 2) . In cases in which the interpolated ice margin positions indicated a very short duration of ice streaming, we set the minimum duration to 100 yr. We chose this value because the creation of subglacial bedforms that permit the identification of ice streams probably occurs on timescales of the order of decades 35 , and attempting to date to a higher precision is meaningless given the dating uncertainties (mainly radiocarbon) and our focus on millennial-scale changes throughout deglaciation. Estimating Laurentide ice stream discharges. Unfortunately, there is no direct way to empirically reconstruct the velocity, and thus discharge, of an ice stream from the evidence it left behind. To provide a simple, first-order estimate of the potential ice discharge from each ice stream for which only the width is known confidently, we used an empirical relationship between the with and the discharge of 81 active ice streams, 50 in Antarctica (Extended Data Fig. 8 ) and 31 in Greenland (Extended Data Fig. 9 and we used these velocity data sets to measure the width (in kilometres) of the ice stream (to the lateral shear margins or exposed rock walls) at the grounding line 29, 46 . Velocity was extracted as a width-averaged value. We then used the highest resolution bed data that was available for Greenland 29 and Antarctica 30 to calculate the cross-sectional area (in square kilometres) of each ice stream at the grounding line. We calculated the modern ice stream discharge (in cubic kilometres per year) by multiplying the velocity data by the ice-thickness data and integrating the output along the width of the ice stream at the grounding line.
When ice stream data from Antarctica and Greenland are amalgamated (Extended Data Fig. 10 ), a simple linear regression reveals a weak correlation (R 2 = 0.39) between ice stream width and discharge, which we used to predict an order-of-magnitude discharge from the width of each Laurentide ice stream that was active during deglaciation at each dated margin position (Fig. 3d) . The regression is clearly influenced by two outliers with extremely high discharge (Pine Island Glacier and Thwaites Glacier, West Antarctica). Without them, the correlation weakens (R 2 = 0.31) and our discharge estimates show the same trend, but absolute discharges are lower (see grey shading in Fig. 3d ). We considered removing them from the regression, but chose not to and used them in our estimates of Laurentide ice stream discharge (for example, in Figs 3e, f and 4c, d) because they allow us to partly capture some of the more extreme discharges that might be expected in a deglaciating ice sheet. We also extracted the 95% confidence intervals of the regression and used these to estimate a lower and upper range of discharge for an ice stream of given width. However, these confidence intervals under-represent the uncertainty because some assumptions for those confidence intervals (and the general validity of linear regression) are broken: (i) Gaussian noise, (ii) no correlation between residuals of individual data points and (iii) constant variance. Given this, and the clear (and perhaps not surprising) complexity of the relationship between discharge and width for modern-day ice streams (for example, the mean value of linear ice stream flux for Greenlandic ice streams is very different from that for Antarctic ice streams, for which there is a stronger relationship), we also extracted a discharge relationship with a cruder, two-state approximation that avoids the assumptions required for statistically robust application of linear regression. The modern-day ice stream data are from one short time period, and yet we know that ice streams with a fixed width can accelerate (and decelerate) on short (annual-decadal) timescales [2] [3] [4] ; however, the extent to which these accelerations and decelerations are sustained over longer (centennial-millennial) timescales is currently unknown. Therefore, we use the simple approach to generate an empirical order-of-magnitude estimate of ice stream discharge from the LIS, averaged over millennial timescales, and note that our empirical results are broadly similar to those generated by numerical modelling 16, 17 (Fig. 3f) , albeit typically lower. To evaluate our empirical estimates of ice stream discharge in relation to ice sheet volume (see, for example, Figs 3d, e and 4), we extracted ice sheet volume from the mean of an ensemble of best-performing model runs from a previously published data-calibrated numerical model 16 . Uncertainties associated with the modelled ice volumes (see ref. 16 ) are an order of magnitude less than those associated with our estimates of ice stream discharge and are not shown (for example, in Fig. 4) . We use this same model to compare our empirical estimates of ice stream discharge against those generated in a numerical model of the LIS, with streaming discharge extracted from an ensemble of best-performing model runs at 100-yr time steps during deglaciation from 21.8 kyr ago to 5.7 kyr ago and ensemble standard deviation in ice stream discharge shown as shading around the mean (Fig. 3f) . The weighted ensemble mean from this model shows
